Neutron diffraction experiments were carried out for two liquid alloys with compositions CsBi and Cs 3 Bi 2 . The results indicate that probably polyanions with an average number of about two Bi atoms per cluster are formed. This result contrasts with that for liquid Cs-Sb, which contains larger chains as polyanions.
I. INTRODUCTION
In some respects the physical and chemical properties of the liquid Cs-Bi system are not well understood. The phase diagram 1 exhibits a deep eutectic at approximately 50% in between the congruently melting compounds Cs 3 Bi and CsBi 2 . The crystal structure of Cs 3 Bi can be described as an NaTl lattice ͑two interpenetrating diamond lattices͒ with one-quarter of the lattice sites occupied by Bi. 2 Each Bi atom is in its first coordination shell completely surrounded by Cs atoms, in accordance with the electronegativity difference between the two components ͑1.23 on the Pauling scale͒. CsBi 2 forms a Laves (MgCu 2 ) structure. 2 The Bi atoms form a network of vertex-sharing tetrahedra; the bonding is not in accordance with the rules for Zintl phases. [3] [4] [5] Furthermore, there exists evidence for a compound Cs 3 Bi 2 and a compound with approximate composition Cs 5 Bi 4 . The structure of neither of them could be determined. 6 Cs 3 Bi 2 is peritectically melting, or nearly so. The phase diagram of the K-Bi 7 and Rb-Bi 8 systems are very similar to that of Cs-Bi. From their relative positions in the Periodic Table one would expect a strong similarity between Bi and Sb and between their corresponding alloys. Indeed, such similarities are found for Tl and In and for Pb and Sn, which belong to the same two periods as Bi and Sb. In contrast, the physical and chemical properties of Bi and its alloys differ appreciably from those of Sb and its alloys.
In the phase diagrams of K-Sb, Rb-Sb, and Cs-Sb congruently melting equiatomic compounds occur. [9] [10] [11] The Sb ions in these compounds form tellurium-like infinite spiral chains in accordance with the rules for Zintl ion formation. 12, 13 In the corresponding Bi systems these equiatomic compounds do not appear, but have given way to deep eutectics. There are strong indications that fragments of the Sb chains are preserved in the liquid state of the alkali-Sb alloys. 14, 15 According to ab initio calculations the average length of a chain in liquid KSb is approximately five atoms. 15 The resistivities of liquid Li-Bi alloys exhibit a distinct maximum at 25% Bi, 16 suggesting that the essentials of the crystal structure and the electronic structure of Li 3 Bi are preserved in the liquid. In the sequence Li-Bi to Rb-Bi a second maximum at 40% Bi gradually appears, and for liquid Cs-Bi only the latter has survived. 17, 18 In many cases of ionic alloys of alkali metals with post-transition polyvalent metals there is a strong relation between the crystal structure and the liquid structure. 4, 19 In the case of Cs-Bi the resistivity data would indicate that the ͑unknown͒ structure of the compound Cs 3 Bi 2 is somehow preserved in the liquid. There is, however, no trace of the Laves phase (CsBi 2 ) in the resistivity measurements. According to Tegze and Hafner 20 the solid Laves compounds are metallic due to a surplus of electrons, provided by the alkali atoms, on the otherwise covalent Bi network. Measurements of the Darken stability function of liquid Rb-Bi, which behaves very similar to Cs-Bi, suggest a compound at 50%, which is inconsistent with the resistivity measurements. 21 Cs-Sb exhibits a plateaulike maximum in the electrical resistivity between 35% and 50% Cs, which indicates that not only the Zintl compound CsSb plays a role in the liquid. 22 Tegze and Hafner 20 made a comprehensive theoretical investigation of the electronic structure of alkali-pnictide alloys. They attribute the difference between Sb and Bi alloys to the strong relativistic effects on the Bi orbitals.
Summarizing, the behavior of the Cs-Bi alloys is confusing, particularly around the eutectic composition. The present investigation constitutes an attempt to shed some light on the situation. Attention was focused on two compositions near the eutectic. Cs 3 Bi 2 was chosen because there exists a solid compound of that composition, while CsBi was chosen for comparison with CsSb. As in this class of alloys, anion configurations ͑often Zintl ions͒ play an important role; neutron diffraction was chosen as the experimental technique. The occurrence of polyanions is often accompanied by a superstructure in the liquid, which shows up as a prepeak ͑''first sharp diffraction peak''͒ in the structure factor.
First, we describe experimental details. Next, the experimental data are analyzed by means of the reverse Monte Carlo ͑RMC͒ technique and with a scaling model. 
II. EXPERIMENT

A. Samples
A cylindrical cell with a 0.6-mm-thick wall, 7 mm inner diameter, and 50 mm length was used. The cell is made of the alloy Ti 0.68 Zr 0.32 , which has zero coherent scattering length and produces completely incoherent background scattering without Bragg peaks. Furthermore, Ti-Zr is corrosion resistant against liquid alkali metals. However, the temperature should be kept below 800°C, at which temperature the Ti-Zr alloy starts to soften and recrystallization can occur leading to Bragg peaks. Special care has to be taken to seal the cell leak tight, in particular at high temperatures. We use a knife edge and a screw lid to close the cell as described in Ref. 23 . Because the knife edge is made of the same material as the cell there were no problems due to thermal expansion. The cell was tested and proved to be leak proof at high temperature.
The following metals were used for the preparation of the samples: 24 However, it is conceivable that the Cs-Bi mixture is less corrosive than the pure elements, because there is a strong compound formation. This is, for instance, indicated by the fast reaction between liquid Cs and solid Bi chunks. Unfortunately, no information on the corrosiveness of the Cs-Bi alloy is available. But after the measurements there were no indications for corrosion of the cell material.
Proper amounts of metal were transferred to the sample cell. After closing, the cell was heated up to 650°C. Near the melting point of bismuth ͑271°C͒ the heating was done very slowly in order to avoid a sudden fierce reaction which could destroy the cell. After measuring Cs 3 Bi 2 the cell was opened in a glovebox and extra bismuth was added for the CsBi measurements. The cell was closed again with a new knife edge. The compositions of the samples are given in Table I .
B. Neutron diffraction
The experiments were performed on SLAD ͑Studsvik Liquids and Amorphous Materials Diffractometer͒ at the NFL ͑Neutronforskningslaboratoriet͒ in Studsvik, Sweden. SLAD has a medium resolution (⌬k/kϷ0.01) and a relatively high count rate. This resolution is sufficient in view of the broad features in the structure factor of a liquid material.
As monochromator we used Cu ͑220͒ to select a wavelength of 0.11 nm. An oscillating collimator strongly reduced background scattering. There are four detector banks, each containing three Reuter-Stokes 3 He linear position-sensitive detectors with an active length of 60 cm. To cover the gaps between the four detector banks the detector box can rotate over 10°.
The angular range is 2°Ͻ2Ͻ125°, corresponding to an available range of momentum transfer k ϭ4 -93.6 nm Ϫ1 . Each measurement was divided in several runs in order to check the stability of the system. The beam size was 3.5ϫ1 cm 2 . During the measurements the reactor power varied from 37 MW during the empty can measurement to 47 MW during the sample and vanadium measurements. It turned out this was not well corrected for by the monitor in the incident beam, probably due to saturation of the monitor. The empty can measurement needed to be corrected for the difference in monitor efficiency at the respective reactor powers ͑3.6%͒.
The samples were measured at 550°C. Cs 3 Bi 2 was measured for 9 h in 13 runs, alternating the detector positions. This sample was heated up in the SLAD furnace where we could see from the diffraction pattern the bismuth melt at 271°C, and immediately after that we saw new Bragg peaks appear at different positions. At around 440°C these Bragg peaks disappeared. CsBi was measured for 11 h in 16 runs.
Corrections for attenuation, background, multiple scattering, and inelasticity ͑Placzek͒ were applied and the data were normalized by means of a vanadium measurement to an absolute value for the scattered intensity. The data corrections and normalization were performed using the program CORRECT, which is available at the NFL. 25 After normalization, using first estimates of the unknown number densities ͑ϭ16.3 nm Ϫ3 for Cs 3 Bi 2 , and ϭ17.8 nm Ϫ3 for CsBi͒, the scattering level for large k turned out to be 0.453 b for Cs 3 Bi 2 ͑using a filling fraction of the sample of 0.79 as estimated from x-ray photographs͒ and 0.481 b for CsBi ͑filling fraction of 0.94͒. The theoretically expected levels are 0.478 and 0.519 b, respectively. The difference is attributed to uncertainties in the density. The density has a noticeable effect only on the normalization, the effect on the multiple scattering correction is negligible. We therefore multiplied the data by a factor to obtain the theoretically expected scattering level, which is equivalent to choosing number densities of 15. respectively. This contrasts with the Cs-Tl case, 26 where the prepeak increases in height and the position shifts to higher k with increasing Cs concentration. 
III. ANALYSIS AND INTERPRETATION
A. Total pair distribution function and crystallographic data
By means of the program MCGR 27 we obtained from the experimental S(k) the total pair distribution functions defined by
sin kr kr dr ͑1a͒
with the inverse:
sin kr kr dr. ͑1b͒
By iteration using Eq. ͑1b͒ we fitted a smooth g(r) to the experimental data with the constraint that g(r)ϵ0 for r Ͻ0.26 nm. The results for S(k) and g(r) are given in Figs. 1 and 2. For the interpretation of g(r) it is useful to give some pair distances in crystalline alkali-Bi and alkaline earth-Bi alloys, see Table II . The largest distances for Bi-Bi and Cs-Cs ͑0.658 and 0.423 nm, respectively͒ are left out of consideration, because they most probably do not pertain to atoms in contact. Unfortunately, we could not find more data on Cs-Cs and Cs-Bi distances.
The total pair distribution functions of both Cs 3 Bi 2 and CsBi exhibit distinct peaks at 0.30 and 0.39 nm ͑Fig. 2͒. The crystallographic data leaves us little choice for the first one: It should be attributed to Bi-Bi pairs. It is remarkable that the distance in the liquid is in the range of the shorter distances found in the solid. This indicates a strong covalent bond. The maximum of the second peak is situated very close to the Bi-Cs and Cs-Cs distances in the solid, but this peak is sufficiently broad to have appreciable values already at 0.35 nm. Therefore, it can, within the limits given by the crystallographic data, accommodate Bi-Bi pair distances as well.
B. RMC, partial structure factors
In order to obtain more insight we have estimated the partial pair distribution functions and partial structure factors by means of the reverse Monte Carlo method 32 ͑RMC͒. The differential cross section d/d⍀ contains a weighted sum of the Faber-Ziman partial structure factors, A ␣␤ (k):
with c ␣ the concentration and b ␣ the average coherent scattering length of component ␣, and s the total scattering cross section of the alloy. The normalized weight factors The number of particles was 3000 in both cases. The imposed number densities were 15.4 nm Ϫ3 for Cs 3 Bi 2 and 16.5 nm Ϫ3 for CsBi. In the description of the results we will not distinguish between Cs 3 Bi 2 and CsBi, as the general behavior of the two alloys is the same.
Unfortunately, the RMC results proved to be strongly dependent on the choice of the constraints imposed by the cutoff distances. Some tentative exercises with very relaxed constraints, viz. cutoff distances much smaller than the nearest-neighbor distances found in the crystals, did not result in well-separated partial structure factors.
The constraints were then tightened by choosing 0.27 nm for Bi-Bi and 0.38 nm for Bi-Cs and Cs-Cs, all 0.02 nm shorter than the corresponding nearest-neighbor distances in the solid ͑see Table II͒ . This choice resulted in a good resolution of the partials, but also created problems at low k: The partial structure factors for Bi-Bi and Cs-Cs diverged for k approaching zero. In addition large wiggles developed below 15 nm Ϫ1 . The diverging behavior becomes even stronger when the number of particles is increased to 6000. This strongly suggests phase separation in the RMC configuration, which makes these constraints physically unacceptable. Prepeaks at 10 nm Ϫ1 can be discerned in the Bi-Bi partials, although they are partly masked by the wiggles.
It is curious that the Bi-Cs distance found in crystalline Cs 3 Bi 2 is equal to the Cs-Cs distance and much larger than the Bi-Bi distances found in various crystals. This is probably enforced by the particular cubic crystal structures. The lack of crystallographic data on Cs-Bi distances is particularly troublesome here. We therefore replaced the Cs-Bi distance by 0.325 nm, which is the average of the Cs-Cs and Bi-Bi cutoff distances. Now at small k the partial structure factors fall off much more smoothly to decently low values. The Bi-Bi partial structure factors ͑not shown in the figures͒ display distinct prepeaks at 10 nm Ϫ1 , whereas no prepeaks are visible in the other partial structure factors. This last set of cutoff distances was adopted for further computations. Evidently the Bi-Bi correlations are responsible for the prepeak and, consequently, for the long-range order in the liquid.
The total structure factors fitted to the experimental data by RMC are not given separately, because they virtually coincide with the MCGR structure factors in Fig. 1 . Figure 3 shows the partial pair distribution functions g ␣␤ (r) for the set of cutoff distances finally adopted. We find Bi-Bi peaks at 0.29 and 0.38 nm. The main Cs-Bi peak occurs at 0.38 nm, but has still appreciable values at 0.35 nm, and the Cs-Cs peak occurs at 0.39 nm. The most interesting feature is the Bi-Bi peak at 0.29 nm. It suggests the presence of Bi clusters with remarkably short bond length.
C. Partial pair distribution functions
The position of the first peak in g Bi,Bi (r) should be compared to the known Bi-Bi distances in crystalline alkali-Bi and alkaline earth-Bi alloys, as given in Table II . The Bi-Bi distance of 0.29 nm corresponds to the shortest value found in crystalline materials. This indicates a strongly covalent bond. It is therefore interesting to estimate the Bi-Bi coordination number. We have calculated this number from the RMC configurations for a maximum Bi-Bi distance of 0.340 nm. The distribution of the Bi-Bi coordination numbers is given in Fig. 4 . The average numbers are 0.815 for Cs 3 Bi 2 and 1.17 for CsBi.
The Bi-Bi-Bi bond angle distributions are given in Fig.  5 . There is a peak at cos ϭ0.12, corresponding to ϭ83°, 
D. Scaling model
The three-dimensional model fitted to the experimental data by means of RMC indicates that the prepeak is due to the arrangement of the Bi atoms and that the Bi-Bi distance is in the range of the shorter distances found in crystalline materials. It therefore makes sense to describe the structure in terms of a cluster model. In order to obtain information on the size of the clusters we use a scaling model that has been described previously. 19, 26 It is based on the trivial fact that, if the bismuth atoms form part of clusters of n Bi atoms, the number density of clusters is equal to the number density of single bismuth atoms divided by n. Then the average intercluster distance scales approximately with n 1/3 , all at constant total volume. This is made quantitative by putting the clusters on an imaginative fcc lattice. We can then define a sort of WignerSeitz ͑or Voronoi͒ cell around every cluster and calculate the volume of the cell, ⍀ cell , and the number of atoms of the two species ͑Bi and Cs in this case͒ in it. Finally the intercluster distance d is related to the prepeak position, k 0 , by
͑3͒
Thus we find
and
where N i is the number of atoms of the species i in the unit cell, c i is their fraction, and is the total number density of atoms. Substitution of k 0 ϭ10.9 nm Ϫ1 , ϭ15.4 nm Ϫ3 , and k 0 ϭ10.7 nm Ϫ3 , ϭ16.5 nm Ϫ3 for Cs 3 Bi 2 and CsBi, respectively ͑see the following for the method of estimating the densities͒ we find that the number of Bi atoms in a cell is 1.54 in Cs 3 Bi 2 and 2.17 in CsBi. These numbers are consistent with the independently determined average coordination numbers 0.815 for Cs 3 Bi 2 and 1.17 for CsBi. This confirms the trend found in the solid alloys that Bi atoms in alkalibismuth alloys have only little tendency to form large Zintl ions. For comparison: in liquid KSb the average number of atoms in the Sb chain fragments is approximately 5 according to the ab initio calculations by Seifert-Lorenz and Hafner. 15 In the Bi alloys dumbbells appear to predominate. At this point, a critical evaluation of the validity of the model and of the accuracy of the numbers given above is due. The ''scaling model'' is built up in several steps, each of them introducing an error. First, the relation k 0 dϭ7.7 is based on the simplification that the prepeak is a delta function. In that approximation the number 7.7 is the value of kd for which ͗exp(k•d)͘ spherical has its first nontrivial maximum. This maximum, however, is broad, approximately similar to the maxima of a sine function. The influence of the final width of the prepeak is not easy to assess but some computational exercises show that the value of kd might vary between 7.3 and 7.9. Moreover, the relation has been widely confirmed empirically 19 for other systems. Second, the choice of a fcc lattice is somewhat arbitrary, though its high symmetry makes it a good substitute for the spherical symmetry of the liquid. On the other hand the liquid is not likely to have the optimum packing of the fcc lattice, as neither the contents of the ''cells'' are identical, nor the ''lattice vectors'' are all equal in length. The worst packing we can reasonably imagine as a substitute is simple cubic. In that case the factors ͱ2 in the denominators of Eqs. ͑5͒ and ͑6͒ disappear, and consequently the values of N i would become higher by 41%.
The third source of errors are the liquid densities. They have not been measured directly, but estimates have been obtained indirectly from the normalization procedure ͑see Sec. II͒. They can also be estimated starting from the known densities of solid Cs 3 Bi and CsBi 2 . Then there remain two major problems: to account for the enormous volume contraction ͑48% for Cs 3 Bi and 38% for CsBi 2 in the solid state͒ and for the volume change on melting and heating. The volume contraction is a chemical effect: it is largely a consequence of the large caesium atoms being deprived of their s electrons. We assume that the corresponding change in Summing up, another choice of the cubic lattice may push N i in an upward direction while the other possible errors are random. Combining the error estimates we think that for Cs 3 Bi 2 N Bi ϭ1.5 with lower and upper error limits of 1.2 and 2.3 and that for CsBi N Bi ϭ2.2 with lower and upper limits of 1.8 and 3.0. These numbers are fairly consistent with the estimates for the Bi-Bi coordination obtained from the RMC analysis. Our conclusion that the clusters are considerably smaller than in the corresponding Sb alloys seems justified. The occurrence of Bi 2 dimers is nicely illustrated in Fig. 6 , which displays part of the RMC generated configurations of Cs 3 Bi 2 and CsBi. Bonds are drawn for Bi-Bi distances Ͻ0.340 nm.
IV. CONCLUSION
The neutron diffraction patterns of liquid Cs 3 Bi 2 and CsBi alloys exhibit a pronounced prepeak indicating a superstructure. RMC analysis and comparison with crystallographic data shows that the superstructure is due to the arrangement of the Bi atoms, that the Bi-Bi distance corresponds to the shortest distances found in the solid, and that the average coordination numbers are 0.815 and 1.17, respectively. The Bi-Bi-Bi bond angle distribution has a maximum near 90°, the angle found in Bi 4 2Ϫ units. According to the scaling model the average number of Bi atoms participating in a cluster is 1.54 for Cs 3 Bi 2 and 2.17 for CsBi. All the data support the supposition that small, strongly covalent clusters occur in the liquid, many of them in the form of dimers Bi 2 2Ϫ , but single Bi ions and small chains are also present. In this respect the Cs-Bi alloys differ strongly from their Cs-Sb counterparts. Bi 2 2Ϫ units have also been found in gas-phase Zintl ions (Ba 2 Na͒ 3ϩ . 36 They are isoelectronic to the neutral Te 2 clusters. 37, 38 The results suggest that there is a gradual transition from the octet compound Cs 3 Bi to the Laves compound CsBi 2 . In the first one the Bi atoms occur isolated. For higher Bi concentrations small Bi clusters develop, which grow in size as more bismuth is added until ultimately the network typical for the Laves compound is formed. Such a gradual transition is evidently accommodated by the liquid more easily than by the solid state. This would explain the occurrence of a deep eutectic.
Our findings are in agreement with the conclusions of Tegze and Hafner 20 that the chain structure as occurring in CsSb is destabilized because of the more extended nature of the Bi 6p orbitals. Obviously, a structure with small clusters is preferred.
Quite recently, Xu and Sevov 39 informed us that they had found Bi-Bi distances as short as 0.2838 nm in ͑K-crypt͒ 2 Bi 2 , which they explained by assuming a double bond between the bismuth atoms. This is in remarkably good agreement with the short bond length ͑0.29 nm͒ found in the liquid. A similar isolated Bi dumbbell with a bond length of 
